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ABSTRACT 

With  the  increase  in  electric  power  on  military  ground  vehicle  platforms,  electrically 
driven  accessories  are  replacing  existing  hydraulic,  belt,  and  gear-driven  loads.  Permanent 
Magnet  Synchronous  Machines  (PMSM)  are  often  selected  to  drive  these  accessories,  and  are 
under  consideration  for  the  main  engine  generator,  due  to  their  torque  density  and  efficiency 
being  among  the  highest  available.  To  maximize  the  efficiency  of  a  PMSM,  accurate  knowledge  of 
its  parameters  is  required  across  the  entire  operating  range.  Efficient  control  of  the  onboard 
electric  drives  will  help  reduce  fuel  consumption  in  the  ground  vehicle  fleet.  This  paper  presents 
the  effects  of  iron  saturation  on  the  performance  of  a  PMSM  drive.  Iron  saturation  depends  on  the 
amount  of  current  injected  into  the  motor  and  it  restricts  the  amount  of  flux  linkage  that  can  be 
generated.  PMSMs  are  controlled  using  a  two  axis  space  vector  representation.  Ideally,  the 
control  is  decoupled,  such  that  the  flux  linkage  production  in  one  axis  is  not  affected  by  the 
current  in  the  other  axis.  However,  iron  saturation  alters  this  behavior  and  the  flux  linkages 
become  dependent  on  both  axis  currents.  This  paper  demonstrates  this  phenomenon  by  parametric 
experimental  characterization  of  two  permanent  magnet  synchronous  motors.  A  simple  but 
dependable  method  to  approximate  and  include  all  the  saturation  effects,  based  on  real 
parameters,  is  proposed.  The  effectiveness  of  the  proposed  method  is  validated  through  a 
simulation  using  the  experimentally  extracted  parameters. 


introduction 

Future  Army  ground  vehicle  platforms  are  expected  to 
generate  significantly  greater  levels  of  onboard  electric 
power,  [1],  While  traditional  alternators  can  source 
approximately  600A  current  at  28VDC  (16.8kW),  emerging 
high-voltage  generators  directly  driven  by  the  engine’s 
crankshaft  can  produce  nearly  an  order-of-magnitude 
increase  in  electric  power  (125-160kW).  Benefits  of  the 
increased  electric  power  include  greater  electrification  of 
vehicle  loads  and  intelligent  power  management,  including 
some  of  the  most  significant  loads  such  as  the  main  engine 
cooling  fan(s)  and  air  conditioning  compressor.  A  key 
challenge  remains  to  ensure  that  these  loads  along  with  the 
generator  operate  at  maximum  efficiency,  [2], 

Instead  of  being  driven  through  a  set  of  gears,  a  belt  drive, 
or  a  hydraulic  system,  electrified  accessories  lend 


themselves  well  to  variable  speed  operation  and  intelligent 
power  management  strategies,  [3]-[5],  This  allows  them  to 
run  at  varying  operating  points  regardless  of  the  main  engine 
speed  and  they  can  be  power  limited  on  demand  to  support 
higher  priority  loads.  While  electric  drives  are  generally 
able  to  efficiently  convert  electrical  to  mechanical  power  bi¬ 
directionally,  there  are  still  opportunities  to  further  improve 
this  conversion  efficiency,  reducing  the  overall  thermal 
burden  on  the  vehicle  cooling  system. 

The  key  to  improving  the  performance  and  efficiency  of  a 
motor  drive  is  to  develop  controllers  based  on  real 
parameters,  [6]-[7].  Such  controllers  are  capable  of 
acknowledging  the  parameters’  non-ideal  behaviors  and 
using  them  to  operate  as  efficiently  as  possible,  [8], 

In  [9],  a  look-up  table  to  implement  Maximum  Torque  Per 
Amp  (MTPA)  control  is  proposed.  This  method  does  not 
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include  saturation  effects.  PMSMs  are  usually  operated 
under  saturation  [10],  neglecting  these  effects  can  lead  to 
controller  performance  degradation  [11], 

All  saturation  effects  were  included  in  both  controllers 
proposed  in  [12]  and  [13].  In  [12],  signal  injection  was  used 
to  determine  the  parameters  needed  to  develop  lookup  tables 
and  in  [13],  finite  element  analysis  was  used  to  identify  the 
machine  parameters.  Neither  controller,  however,  is  capable 
of  operating  in  the  field  weakening  region. 

In  this  paper,  a  method  to  approximate  the  parameters  of  a 
PMSM  is  proposed.  The  method  is  based  on  experimental 
data  and  it  includes  the  saturation  effects  using  piecewise 
linear  functions.  The  method  was  validated,  in  the  MTPA 
and  field  weakening  regions,  using  simulations  based  on  real 
parameters  from  two  125kW  PMSMs. 

BACKGROUND  THEORY  AND  MODELING 

Permanent  magnet  synchronous  machines  are  modeled 
using  the  equivalent  two  axis  model  shown  in  Figure  1, 
referred  to  as  the  synchronous  frame  of  reference.  This 
model  is  obtained  by  applying  the  Park’s  transformation 
matrix  to  the  three  phase  stator  quantities. 


Figure  1:  Equivalent  two  axes  model  for  a  PMSM. 

The  complete  machine  model  after  Park’s  transformation 
is  given  by  equations  (1)  -  (5). 

di  dA, 

Vd  =  RJd  +Ld~^r~  V?  =  Rsid  +  ~^~  ( 1  ) 

dia  d/ L 

Vq  =  RJq  +  4/  +  °}<^d  =  Rdq  +  +  COeAl  (2) 

Ad=Ldid+Apm  (3) 

\  =  Lqiq  (4) 


Where,  id,  iq,  vd  and  vq  are  the  currents  and  voltages  in 
the  direct  and  quadrature  axes.  /lpm,  Ad  and  Xq  are  the  flux 
linkages  due  to  the  permanent  magnets  and  the 
corresponding  axes  currents.  Ld  and  Lq  are  the  direct  and 
quadrature  axis  inductances,  coe  is  the  electrical  speed  of  the 
motor  and  T  is  torque 

Figure  2  shows  the  orientation  frame  to  which  the  motor 
model,  (l)-(5),  is  referred.  In  this  orientation,  the  flux 
linkage  due  to  the  magnets  lies  on  the  positive  d-axis,  and 
torque  is  only  produced  by  the  quadrature  current.  The  direct 
axis  current  is  used  as  a  field  weakening  mechanism  and  in 
the  case  of  an  interior  permanent  magnet  machine  it  enables 
the  production  of  reluctance  torque.  For  motoring,  PMSMs 
are  generally  operated  in  the  second  quadrant  of  the  space 
plane.  Figure  2,  to  perform  field  weakening  and  develop  the 
magnetic  and  reluctance  torques. 

This  classical  model  (l)-(5)  is  based  on  ideal  conditions 
where  the  effects  of  iron  losses,  self  and  cross  saturation,  are 
neglected.  To  study  the  effects  of  losses  and  iron  saturation 
in  PMSMs  the  classical  model  is  extended  in  order  to 
include  these  effects. 

When  id  and  iq  saturate  the  iron  paths  in  each 
corresponding  axis,  the  flux  linkages  produced  by  the 
magnetizing  currents  are  no  longer  decoupled  as  shown  in 
the  ideal  model  (3)  and  (4).  Instead,  the  flux  linkages 
become  coupled  to  both  axis  currents,  this  coupling  effect 
can  be  modeled  as  follows, 

4  (ld .  iq )  =  Ld  (id  ^d  +  Ldq  (id .  iq  )iq  +  Apm  (6) 

\  (id  'iq)  =  Lq  (iq  (iq  +  Lqd  (ld  >  4/  Hf  (7) 

where,  Ld(id)  and  Lq(iq )  are  the  baseline  inductances  for 
each  of  the  axes.  They  represent  the  corresponding  axis  self¬ 
inductance  as  a  function  of  the  axis  current  and  are 
calculated  assuming  no  cross  saturation  from  the  other-axis 
current,  [6].  Ldq(id’iq )  and  Lqd(id-iq)  are  the  cross 


i,  R.  L 


Figure  2:  Vector  orientation  used  for  model 

development  and  control  techniques. 


Film  re  3:  Self  and  cross  saturation  of  the  flux  linkages 
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coupling  inductances  for  each  axis  and  add  the  cross 
saturation  effects  to  the  machine  model.  This  self  and  cross 
saturation  behavior  is  illustrated  in  Figure  3,  where  the  x  and 
y  variables  represent  the  d  and  g-axis 

Equations  (6)  and  (7)  could  be  written  in  a  variety  of  ways 
to  model  the  effect  of  both  currents  on  the  d  and  g-axis 
fluxes.  The  formulation  used  in  this  paper  assigns  all  the 
cross  coupling  to  the  quasi-mutual  inductances  Ldq  and  Lqd, 
the  rest  of  the  saturation  to  Ld  and  Lq,  and  assumes  no 
effect  of  saturation  of  the  flux  due  to  magnets,  without 
decreasing  the  model  accuracy. 

The  machine  model  including  the  saturation  effects  is  cal¬ 
culated  by  substituting  (6)  and  (7)  into  (l)-(5).  After  some 
algebraic  manipulation,  the  modified  machine  model  is 
given  by  (8)-(10). 


vd  =  RJd  + 


dL 


di„ 


dt 


dr 


vq  =  RJq  + 


-coe  { Lq  (iq  )iq  +  Lqd  (id ,  iq  )id } 


+a>e  {Ld  C id  )*d  +  Ldqiq  (*d  ’  *?  )  +  & pm  } 

T  ^{^(iddqYq-^ddqYd} 


(8) 


(9) 

(10) 


PARAMETER  IDENTIFICATION  PROCESS 

This  paper  is  aimed  to  find  and  quantify  the  PMSM 
parameters,  including  the  self  and  cross  saturation  effects,  in 
order  to  develop  a  high  performance  controller.  Knowledge 
of  the  non-ideal  parameters  is  essential  to  develop  a  highly 
efficient  motor  drive,  [10]. 

To  quantify  this  behavior,  the  parameter  identification 
method  proposed  in  [6]  was  used.  This  method  is  capable  of 
extracting  the  parameters,  including  the  non-ideal 
characteristics,  by  collecting  and  processing  experimental 
data.  Similar  methods  for  parametric  identification  have 
been  proposed,  [7]  and  they  follow  the  same  characterization 
principle. 

The  identification  process  is  divided  into  two  main 
procedures:  Experimental  data  collection,  as  shown  in 

Figure  4,  and  off-line  data  processing.  During  the 
characterization  process,  the  machine  is  studied  over  its 
entire  current  operating  range.  The  experimental  data  is 
obtained  at  a  particular  speed,  and  all  possible  current  and 
angle  combinations  are  applied  to  the  machine.  At  every 
current/angle  combination,  the  phase  voltage  information, 
experimental  line  currents,  and  rotor  position  are  recorded. 
Then,  this  information  is  processed  off-line  to  accurately 
determine  the  machine  flux  linkages,  Td(id,  i?)  and 


Figure  4:  Experimental  Setup 


?Lq(id,  iq),  using  (11)  and  (12).  Given  that  the  information 
collected  comes  from  experimental  data,  the  saturation 
effects  and  nonlinear  behavior  of  the  PMSM  are  captured. 


CO, 


^  0=^“V- 


01 


(11) 


(12) 


The  flux  information  obtained  is  sufficient  to  develop  a 
high  performance  controller,  since  Td(td,  t?)  and  Aq(id,iq) 
include  the  non-ideal  characteristics  of  the  machine.  The 
non-ideal  inductance  values  can  be  calculated  from  this 
information. 


EXPERIMENTAL  CHARACTERIZATION 

Two  PMSMs,  a  motor  and  a  generator,  were  characterized 
in  order  to  study  the  effects  of  iron  saturation.  The 
characteristics  for  each  machine  are  given  in  table  1. 


Parameters 

Motor 

Generator 

Rated  power 

125  kW 

125  kW 

Rated  speed 

1500  RPM 

1900  RPM 

Max  speed 

5000  RPM 

3000  RPM 

Line  voltage 

480  VLL 

480  VLL 

Max  current 

250  Apeak 

250  Apeak 

No.  poles 

4 

8 

Table  1:  PMSM  parameters 


The  parameters  for  both  machines  were  determined  at  700 
RPM  as  shown  in  figures  5-8.  This  speed  is  sufficient  to 
generate  a  measurable  back-EMF  voltage  and  it  is  below  the 
base  speed.  Therefore,  it  is  possible  to  collect  experimental 
data  for  all  the  rated  current  combinations  of  id  and  iq . 
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The  experimental  results  in  Figures  5-8,  demonstrate  that 
self  and  cross-saturation  are  non-ideal  characteristics  that 
cannot  be  ignored  or  assumed  to  be  negligible.  For  the 
motor,  the  flux  linkage  along  the  d-axis  had  as  much  as 
38.5%  variation  due  to  cross  saturation,  while  the  q- axis  had 
as  much  as  23.7%  variation. 

The  generator  behavior  is  similar,  with  flux  variations  as 
high  as  31.4%  on  the  d-axis  flux  and  14.5%  on  the  c/-axis 
due  to  cross  saturation.  These  non-ideal  parametric 


125  kW  PM  Genertator,  d-axis  flux  linkage 


x  10'3  125  kW  PM  Genertator,  d-axis  Inductance 


Figure  5:  Generator  experimentally  extracted  d-axis 
flux  linkage  and  d-axis  inductance. 

125  kW  PM  Genertator,  q-axis  flux  linkage 


x  -jo"3  125  kW  PM  Genertator,  q-axis  Inductance 


Figure  6:  Generator  experimentally  extracted  q-axis 
flux  linkage  and  a-axis  inductance. 


variations  have  a  negative  impact  on  the  torque  production 
of  the  machine,  since  the  torque  is  directly  proportional  to 
the  flux  linkages,  as  shown  in  (10).  Efficiency  is  also 
affected,  as  the  parametric  variations  will  detune  the  motor 
controller.  For  a  given  operating  condition,  the  controller 
will  not  inject  the  optimal  currents  to  generate  the  desired 
torque. 


125  kW  PM  Motor,  d-axis  flux  linkage 


-200  -150  -100  -50  0 

id 

x  -jo’3  125  kW  PM  Genertator,  d-axis  Inductance 


Figure  7:  Motor  experimentally  extracted  d-axis  flux 
linkage  and  d-axis  inductance. 

125  kW  PM  Motor,  q-axis  flux  linkage 


125  kW  PM  Motor,  q-axis  Inductance 


Figure  8:  Motor  experimentally  extracted  q-axis  flux 
linkage  and  q-axis  inductance. 


HIGH  PERFORMANCE  CONTROLLERS  BASED  ON  REAL  PARAMETERS  TO  ACCOUNT  FOR  PARAMETER 
VARIATIONS  DUE  TO  IRON  SATURATION 


UNCLASSIFIED  -  Page  4  of  9 


Proceedings  of  the  2013  Ground  Vehicle  Systems  Engineering  and  Technology  Symposium  (GVSETS) 


Both  machines  were  also  characterized  through  Finite 
Element  Analysis  (FEA).  FEA  is  an  excellent  tool  to 
determine  the  basic  operating  characteristic  of  a  PMSM.  It  is 
capable  of  including  both  self-  and  cross-saturation  effects. 
However,  the  inclusion  of  cross-saturation  effects  with  FEA 
requires  lengthy  calculation  time  and  a  transient-magnetic 
simulation. 

Figure  9  and  10  show  the  axis  inductances  for  each 
machine,  determined  using  a  FEA  Magneto-static  simulation 
scenario.  This  type  of  simulation  was  used,  since  it  is 
considerably  less  time  consuming  than  a  full  transient- 
magnetic  simulation.  These  inductances  fit  within  the 
experimental  inductances  shown  in  Figures  5-8. 


Figure  9:  Generator  Finite  Element  Analysis  d-  and  q-axis 
inductance. 


Figure  10:  Motor  Finite  Element  Analysis  d-  and  q-axis 
inductance. 


PROPOSED  PARAMETER  APPROXIMATION 

In  order  to  develop  a  high  performance  controller,  accurate 
knowledge  of  the  parameters  is  required  across  the  entire 
operating  range.  Fook  Up  Tables  (LUTs)  are  commonly 
used  to  develop  controllers  based  on  real  parameters.  By 
using  a  controller  based  on  a  FUT,  it  is  possible  to  fully 
include  the  non-ideal  parameter  behavior  shown  in  Figures 
5-8  in  the  motor  controller. 

The  main  drawback  of  a  LUT  is  the  required  memory  in 
the  controller.  The  memory  space  requirement  is  directly 
proportional  to  the  resolution  of  the  LUT,  [14].  In  many 
applications.  Digital  Signal  Processors  (DSPs)  are  used  to 


implement  the  controller.  These  DSPs  are  commercially 
fabricated  with  a  limited  memory  capacity.  A  LUT  can  be 
implemented  in  a  DSP  controller;  however,  the  LUT 
resolution  must  be  reduced  to  fit  it  in  the  available  memory. 
This  can  lead  to  a  decrease  in  performance  of  the  controller, 
as  information  is  removed  from  the  table’s  entries. 

An  accurate  curve-fit  method  to  approximate  the  real 
parameters  of  the  motor  and  generator  is  proposed  in  this 
paper.  The  method  is  a  dynamic  piecewise  linear 
approximation  that  includes  the  parameters’  non-ideal 
characteristics,  i.e.,  the  cross-saturation  effect.  It  can 
perform  as  well  as  a  full  parametric  LUT  controller,  but  it 
will  not  overstress  the  DSP/microcontroller  memory,  nor 
consume  much  computation  time. 

For  the  case  of  Ld(id,iq),  the  true  inductance,  shown  in 
Figures  5  and  7,  is  divided  into  two  linear  sectors,  as  shown 
in  Figure  11.  The  first  step  is  to  determine  the  baseline  d- 
axis  inductance  from  the  experimental  data,  given  by  (13). 


4  (*rf  >  hj ) 


=4(^.0) 


(13) 


The  two  linear  approximations  for  (13)  are  highlighted  in 
Figure  11  by  the  line  with  stars  markers.  Finally,  the  cross 
saturation  for  this  case  is  added  by  subtracting  from  this 
baseline  approximation,  as  the  other  axis  current  increases.  It 
is  assumed  that  cross-saturation  in  the  af-axis  increases 
linearly  with  the  r/-axis  current.  The  incremental  function  is 
defined  as  A(i?).  By  using  the  experimental  data  and 
inspection,  it  is  determined  that  the  function  representing  the 
cross-saturation  terms  is  as  shown  in  (14).  Finally,  the  total 
inductance  in  these  two  sectors  is  given  by  equation  (15). 


-200  -150  -100  -50 

id 


Figure  11:  Motor  d-axis  inductance  piecewise  linear 
approximation,  including  cross  saturation. 

i,  (14) 

rated 

Ld(id,iq)  =  Ld(id)  +  ATm(iq)  (15) 
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In  Figure  1 1 ,  the  two  sector  linear  approximation  and  the 
true  experimental  inductances  are  plotted  together  to 
illustrated  the  approximation  usefulness. 

The  c/-axis  inductance  requires  more  linear  sectors,  as 
shown  in  Figures  6  and  8,  since  it  suffers  higher  saturation 
than  the  c/-axis  quantities.  Instead  of  two  sectors  to 
approximate  this  inductance,  four  sectors  are  used  as  shown 
in  Figure  12. 

The  linear  approximations  made  in  each  sector  are 
discussed  from  right  to  left,  beginning  with  sector  4.  As 
shown  in  Figures  6  and  8,  the  effect  from  the  t/-axis  current 
is  minimal  in  this  sector.  Therefore,  the  inductance 
approximation  is  made  by  finding  the  linear  equation  that 
intersects  points  (4  and  (s . 


Figure  12:  q-axis  inductance  piecewise  linear 
approximation,  including  cross  saturation  in  four  sectors. 


The  inductance  approximations  for  the  generator  were 
determined  using  the  same  technique  and  the  results  are 
similar  to  those  of  the  motor. 


Lq  including  Saturation  and  Cross-Saturation 


Figure  13:  Motor  d- axis  inductance  piecewise  linear 
approximation  on  top  of  the  experimental  g-axis  inductance. 

CONTROLLER  PERFORMANCE  EVALUATION 

To  evaluate  the  accuracy  of  the  proposed  parameter 
approximation  method,  a  performance  simulation  based  on 
experimental  data  was  developed  for  each  PMSM.  The 
simulation  was  performed  with  four  different  controllers  as 
shown  in  Figure  14.  For  this  study,  only  the  copper  losses 
were  considered.  This  leads  to  high  efficiency  results,  but  it 
serves  as  a  proof  of  concept. 


In  sector  3,  the  cross-saturation  effects  are  added  by 
introducing  a  dynamic  slope  change.  In  this  sector,  (4  is  a 
fixed  point,  but  the  slope  of  the  baseline  inductance  is 
adjusted  as  a  linear  function  of  id,  given  by  m(id).  The 
expressions  to  determine  the  g-axis  inductance  in  sector  3 
are  given  by  ( 16)-(  18). 


m(id)  =  ~ 


44  lower  44  upper  .  44  44_ 


a  ro4)  = 


id_rated  \X4  -*3) 

44  upper  44 


X,  —X-, 


•*4  +44 


d  ^  3  _  upper 


Lq(iddq) 


sec  .3 


=m(id)-(iq-x3)  +  AT3(id) 


(16) 

(17) 

(18) 


In  sectors  2  and  1,  the  linear  approximation  is  made  using 
the  same  technique  used  for  the  c/-axis  inductance,  where  the 
slope  is  constant  and  the  cross-saturation  is  modeled  by  the 
linear  function  Aqec2&1(id).  Note  that  all  values  of  £  are 
known  from  the  experimental  data.  The  complete 
approximation  for  the  motor  q-axis  inductance  along  with 
the  true  experimental  values  are  shown  in  Figure  13. 


i 


Motor  Model 

Based  on  Experimental  Data 

Figure  14:  Simulation  based  on  motor  experimental  data. 

First,  a  highly  detailed  controller  was  developed  using  a 
LUT.  This  controller  contains  all  the  saturation  effects  of  the 
motor.  Therefore,  this  controller  is  used  as  the  baseline.  The 
tables’  resolution  has  steps  of  2.5A  from  zero  to  250A.  For 
each  current  step  there  is  a  table  entry  that  matches  a  torque 
command  and  a  speed  to  a  set  of  id  and  iq . 

The  second  controller  was  developed  using  experimental 
data,  but  the  cross-saturation  effects  were  ignored.  For  this 
case  the  table’s  resolution  is  the  same  as  the  first  case.  The 
third  controller  is  developed  using  the  proposed  parameter 
approximation  method.  Finally,  a  controller  based  on  FEA 
was  developed  to  compare  with  the  experimental 


Torque 

Motor  Controller 

request 

Based  on: 

1 .  Detailed  Parameters 

2.  Parameters  w/o 

cross  saturation 

Speed 

3.  Proposed  Method 

4.  FEA  based 
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parameters.  The  controllers  developed  using  the  proposed 
and  FEA  parameters  are  based  on  curve  fit  methods. 

Each  controller  was  tested  in  the  MTPA  and  field¬ 
weakening  regions.  For  each  region,  the  torque  command 
was  varied  from  200  Nm  to  maximum,  and  the  power  copper 
losses  and  torque  for  each  operating  point  was  calculated. 
The  results  for  the  performance  simulation  are  shown  in 
Figures  15-18. 

Losses  as  a  function  of  loading 


a)  Power  losses  at  rated  conditions 
Losses  as  a  function  of  loading 


b)  Power  losses  at  3000RPM,  field  weakening 
Figure  15:  Generator  Piosses (considering  copper  losses 
only),  at  a)  rated  conditions,  and  b)  a  deep  field  weakening 
operation  point. 


a)  Rated  Conditions  b)  3000  RPM  case 

Figure  16:  Generator  torque  (considering  copper  losses 
only),  at  a)  rated  conditions,  and  b)  a  deep  field  weakening 
operation  point. 


Figures  15  and  16  show  the  performance  simulation  for  the 
generator.  For  both  operating  regions,  the  controller  that 
performed  almost  as  well  as  the  baseline  high  resolution 
LUT  controller  was  the  controller  designed  with  the 
proposed  parameter  approximation  method.  This  statement 
is  based  on  the  lower  power  losses  and  the  torque  tracking 
effectiveness. 

Figure  15  shows  that  minimum  power  losses  were 
achieved  with  the  base  line  controller  and  the  controller 
using  the  proposed  parameters’  approximation  technique.  On 
the  other  hand,  the  controllers  designed  using  FEA 
parameters  and  the  parameters  ignoring  cross-saturation  are 
the  controllers  that  yielded  the  highest  power  losses.  Similar 
behavior  was  noted  for  the  torque  performance  shown  in 
Figure  16  where  the  controller  designed  using  the  proposed 
parameters  follows  the  detailed  FUT  controller  torque 
performance. 


Losses  as  a  function  of  loading 


a)  Power  losses  at  rated  conditions 
Losses  as  a  function  of  loading 


\om 


b)  Power  losses  at  3000RPM,  field  weakening 
Figure  17:  Motor  Piosses (considering  copper  losses  only),  at 
a)  rated  conditions,  and  b)  a  deep  field  weakening  operation 
point. 

The  motor  exhibited  similar  behavior  as  shown  in  Figures 
17  and  18.  However,  power  losses  are  higher  for  the  motor 
because  it  experiences  more  cross-saturation  than  the 
generator.  For  the  motor,  the  controller  designed  using  the 
proposed  parameter  approximation  method  had  the  closest 
performance  to  the  detailed  LUT  controller. 
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a)  Rated  Conditions  b)  3000  RPM  case 

Figure  18:  Motor  torque  (considering  copper  losses  only),  at 
a)  rated  conditions,  and  b)  a  deep  field  weakening  operation 
point. 

CONCLUSIONS 

In  this  paper,  the  effects  of  iron  saturation  on  the 
performance  of  a  motor  drive  are  studied  using  two  PMSMs. 
The  flux  linkages  and  inductances  of  each  machine  were 
determined  through  a  characterization  process  and  are  shown 
in  Figures  5-8.  Saturation  is  evident  from  these  figures  and 
cannot  be  ignored  or  assumed  negligible. 

It  is  possible  to  obtain  the  parameters  required  to  design  a 
motor  controller  through  FEA  simulations  or  experimental 
data  collection.  The  inclusion  of  cross-saturation  effects  in 
the  controller  development  is  vital  to  ensure  a  high 
performance,  high  efficiency  controller. 

A  method  to  include  these  effects  is  proposed.  It  was 
tested  against  controllers  based  on  high  resolution  LUT, 
LUT  without  cross-saturation,  and  FEA  parameters.  Figures 
15-18  demonstrate  the  validity  of  the  method.  The 
simulations  showed  that  the  proposed  method  has  low 
^losses  and  good  torque  performance;  both  metrics  are 
comparable  to  the  performance  of  the  high  resolution  LUT 
controller  at  both  low  and  high  speeds. 

Compared  with  conventional  approaches,  the  proposed 
method  applied  to  a  125kW  machine  contributed  to  a 
reduction  in  copper  losses  as  high  as  900W,  resulting  in  an 
efficiency  gain  of  1.36%.  The  proposed  controller, 
incorporating  a  dynamic  piecewise  linear  approximation  of 
the  machine  flux  linkages,  is  realizable  in  the  majority  of 
motor  control  DSPs  used  in  high  performance  PMSM 
controllers  due  to  its  computational  efficiency.  The 
controller  helps  to  improve  the  dynamic  response  of  the 
drive  and  its  improved  efficiency  contributes  to  a  decreased 


thermal  burden  on  the  cooling  system  in  military  ground 

vehicle  applications. 
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